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Production of Spanish stops
All dialects of Spanish are characterized by a process of spirantization, wherein the voiced stops / b, d, ɡ/ are produced with full occlusion only phrase initially, after a homorganic nasal, or, for /d/ only, after /l/. In all other positions they commonly are realized as the voiced approximants [β, ð, ɣ] .
The first treatment of this alternation in the generative tradition was Harris (1969) . That study analyzed these sounds as underlying stops that undergo a rule of lenition except after a homorganic, non-strident obstruent or a phrase boundary. This proposal has been widely adopted, in general terms, as the correct analysis. A number of later works in both linear and autosegmental phonology have adopted the same or similar analyses (Goldsmith 1981; Mascaró 1984; Hualde 1988) . One recent approach in Optimality Theory also specifies these sounds as voiced stops, and relies on markedness constraints and articulatory effort (after Kirchner [1998] ) to drive spirantization (Piñeros 2002) .
Another view is that these sounds are underlying approximants that undergo a process of fortition to derive the full stops. The first suggestion along these lines is found in Lozano (1979) who proposed that these sounds are unspecified for the feature [±continuant] , with a rule that fills in [+continuant] where appropriate and a complementary rule that fills in [−continuant] elsewhere. González (2003) extends this interpretation to Optimality Theory, arguing for a constraint ranking that derives the correct output regardless of whether stops or spirants are specified in the input. Other proposals in Optimality Theory have gone farther, explicitly specifying the input for OT analysis as spirants (Baković 1994; Barlow 2003) .
The assumption underlying most of these proposals is that there exists a clear alternation between the stop and approximant allophones. However, there is a large and growing body of evidence that the production of these segments is variable in all positions, and can be influenced by a large number of factors. A number of studies have used amplitude ratio -that is, the ratio of the amplitude minimum during a consonant to the maximum of the following vowel -as a measure of constriction degree. Stress seems to play a significant role in the realization of these segments, with longer and more constricted productions at the onset of a stressed syllable compared with an unstressed one (Cole et al. 1999; Ortega-Llebaria 2004; Eddington 2010) . The preceding and following segments have also been shown to influence production, though the results are somewhat inconsistent across studies (Cole et al. 1999; Ortega-Llebaria 2004; Carrasco and Hualde 2009; Hualde et al. 2010) . Speech rate also plays a role, with fast speech leading to more open productions (Soler and Romero 1999) . There is also evidence that, for the dialect spoken near Toledo, Spain, / b, d, ɡ/ can be realized as voiceless stops in syllable initial position while /p, t, k/ often surface as voiced (Torreblanca 1976) In general, these studies show productions that range from wide approximants to full stops both in contexts where, in the traditional description, we expect spirantization to occur and where we expect full occlusion.
In addition to the variability found in the production of the voiced stops, recent work has shown that the voiceless stops themselves are highly variable. Machuca (1997) , in her examination of casual speech in Barcelona, finds that roughly 40% of productions of phonologically voiceless stops show some degree of voicing. Additionally, about 9% of the voiceless stops in her corpus were produced as approximants, the majority voiced. Other studies have found similar results, though there were large differences in the frequency with which the two processes occur between different dialects (Lewis 2001; Martínez Celdrán 2009; Hualde et al. 2011) .
We are left with a situation where / b, d, ɡ/ can be realized as voiced stops, voiced approximants, and perhaps even voiceless stops, while /p, t, k/ can be produced as voiceless stops, voiced stops, or even voiced approximants. The question we must ask, then, is how Spanish speakers reliably distinguish these sounds. There is experimental evidence to support that they are, in fact, reliably distinguished in both production and perception (Romero et al. 2007 ). That study found that, even though there was some overlap in intensity ratio (used as a measure of constriction degree and voicing) between /p, t, k/ and / b, d, ɡ/, they were nonetheless significantly different in production. Additionally, listeners correctly identified even the voiceless stops with the highest intensity ratio (most voiced/approximant production). Hualde et al. (2011) also found even voiced productions of /p, t, k/ to be produced with greater constriction than / b, d, ɡ/.
The large variability in production also raises the undecided question of the phonological representation of / b, d, ɡ/. Are these stops that spirantize, approximants that undergo fortition, or perhaps something else entirely?
The nature of /b, d, ɡ/ and how they are distinguished from /p, t, k/
One possible difference between / b, d, ɡ/ and /p, t, k/ is their duration. There is ample evidence that the voiceless series is generally longer than the voiced series (Herrera [1997] ; Lavoie [2001]; and Recasens [1986] for Catalan, which shows the same pattern of spirantization). Additionally, there is evidence that listeners use duration to distinguish the voiced and voiceless stops. Reducing the period of silence associated with the closure of a voiceless stop causes it to be perceived as voiced (Martínez Celdrán 1991a , 1993 . Machuca (1997) found that voiced, spirantized /p, t, k/ are still longer than phonological / b, d, ɡ/ produced in the same manner. Based on this, Hualde (2005) posits that, in addition to a voicing distinction that may be neutralized in some contexts, duration still reflects the p honological contrast between /p, t, k/ and / b, d, ɡ/.
There is some evidence, however, that /p, t, k/ can be realized with the same duration as / b, d, ɡ/ (Martínez Celdrán 2008 , 2009 . Some authors take the fact that these two sets of sounds generally differ in voice, constriction degree, and duration, but in no category consistently, as evidence for a phonological distinction by the feature [±tense] (Martínez Celdrán 1991a , 1991b , 1993 , 2008 , 2009 Herrera 1997; Martínez Celdrán and Fernández Planas 2007) . However, most of the evidence used in support of phonological tension comes from durational differences between voiced and voiceless stops. Martínez Celdrán writes of short voiceless stops, "[i]n fact, if attention is paid to the sound in question, it is perceived as voiced. By contrast, if we hear the whole word, the sound is perceived as voiceless, based on the use that we make of our knowledge of the word and the context." (Martínez Celdrán 2008: 43) . He takes this as evidence that the feature [±tense] must distinguish the stops here, but it can easily be taken as evidence that the stops in fact do not differ absolutely, but that contextual knowledge (e.g., all segments are short because the talker is speaking at a fast rate) conditions our perception of the stops. The question of the articulatory or acoustic causes or consequences of tension are left unresolved.
An issue with both proposals discussed here is that, in focusing on the phonological distinction between /p, t, k/ and / b, d, ɡ/, they fail to account for the large amount of variation in production. Why, for example, do both tense and lax stops surface as stops after a nasal or phrase initially but lax stops spirantize elsewhere? It is not made clear what the relationship between phonological representation and attested phonetic variability is.
Two relatively recent proposals have attempted to do just that. Lavoie (2001) , in her book on lenition, finds the voiced stops are consistently shorter than and have a higher intensity ratio than voiceless stops. She concludes that / b, d, ɡ/ are therefore underlying approximants (in contrast, one assumes, with the voiceless stops) that undergo strengthening, which "may simply be an articulatory error, an overshot closing gesture" (Lavoie 2001: 169) . Additionally, the realization of stops as approximants is due to either mistiming of the oral and nasal gestures or a repair to a sequence of nasal + continuant segments that are articulatorily incompatible. Carrasco and Hualde's approach is similar in general terms, though it makes explicit reference to articulatory gestures (Carrasco and Hualde 2009 ). These authors argue that, while spirantization of voiced stops most likely started as gestural reduction, since intervocalically it is nearly universal, the constriction target for the stops in that position must be that of an approximant. They rely on an allophonic distribution of articulatory gestures (full stops after nasals and at a phrase boundary, approximants elsewhere) to derive the attested patterns.
It is not clear from these proposals, however, why / b, d, ɡ/ should surface as stops after nasals. Honorof (1999) showed that nasals assimilate to both the place and constriction degree of following non-continuants, so that in an /ns/ sequence [n] is produced with the same stricture as [s] . Given that these nasal + continuant sequences are possible, and the fact that / b, d, ɡ/ have the same surface constriction degree as fricatives (Romero 1995) , we would expect /mb/ to be realized as [m ̞ β] , rather than the attested [mb] . Carrasco and Hualde's solution of allophony, while explanatorily adequate, does not address any larger causes behind the distribution of allophones. Nor does either theory account for the differences seen in constriction degree due to stress, speech rate, or segmental context.
Proposal
This paper argues for an analysis of Spanish stop spirantization based in Articulatory Phonology (Browman and Goldstein 1992) . In this theory, the basic units of abstract phonological contrast are gestures, which are also taken to be the units involved in the control of articulator motion. These gestures are goal-directed a ctions with particular dynamical parameters set for stiffness (implemented via a mass-spring model), constriction degree, and constriction location. Importantly, and different from most other theories of phonology, the duration of gestures is also explicitly part of the specification for each gesture.
The argument here leverages the fact that temporal differences can serve as a contrast between two gestures, and is based on two findings from previous studies. First, Spanish voiced and voiceless stops show significant durational differences. Second, there is ample evidence that duration and constriction degree of voiced stops in Spanish are related, and that productions of these segments with longer temporal durations have more spatial occlusion. It follows, then, that the shorter duration of voiced stops may lead to their less constricted productions, and that the difference between voiced and voiceless stops (in addition to the presence of a glottal spreading gesture for the voiceless stops) may lie not in their target constriction degree but solely in their duration. Constriction differences, as well as the widespread variation in constriction within each class, can be attributed to the temporal differences.
From the relatively simple assumption that voiced and voiceless stops differ in duration, a number of consequences fall out. First, the same gestural target as that for voiceless stops will result in greater undershoot, and systematic spirantization, for voiced stops due to their shorter active duration. Second, this account provides a straightforward explanation of phrase-initial strengthening of voiced stops. It has been shown that increased duration leads to a closer approximation/achievement of the target for gestures at a prosodic boundary (Byrd et al. 2000; Cho and Keating 2001; Byrd and Saltzman 2003; Byrd et al. 2006; Cho 2006 ) Given this extended duration, it follows that gestures at a phrase boundary will achieve their target. This extended duration, however, will result in full closure (as is the case is Spanish) only if the target is full closure; adding duration to a gesture for an approximant, for example, will not result in closure. By explaining the surface alternation in constriction degree as the dynamic consequences of interactions of a single, invariant spatial target and variable gesture duration, this approach avoids needing to posit different allophones at the level of gestural control. Last, this theory predicts (in agreement with previous work) that the amount of spirantization will vary with duration; shorter productions will also be less constricted.
An articulatory study was conducted to test the above hypothesis. The study aims to examine the duration of the relevant constriction gestures, their constriction degree, and the relationship between constriction degree and duration. Results from that experiment are reported in Section 2, followed by a computational model of that study's results in Section 3.
Articulatory study
2.1. Methods 2.1.1. Stimuli and subjects For this study, data were collected from two subjects (A and B), both native speakers of northern peninsular Spanish. The subjects lived in Spain until attending school in the US and since then have lived on-and-off in the US and Spain. The subjects, even while in the US, use Spanish on a daily basis. Neither subject reported any previous history of speech or hearing impairment.
Stimuli were designed in order to examine articulatory differences in production of voiced and voiceless stop consonants in a variety of prosodic conditions. Due to difficulty in measuring the constriction degree for velar and coronal consonants (Romero 1995) , stimuli were limited to the labial stops ( /p/ and / b/ ). Measuring coronal constriction for Spanish is particularly difficult as the very tip of the tongue, rather than the blade, is used. A pilot conducted for this study showed very unreliable measurements for tongue tip constriction degree with a sensor approximately 8 mm dorsal to the tongue apex. In all cases, the stimulus contained the sequence /aCa/, where C is one of the target stops. In addition to voicing (voiced vs. voiceless), conditions were included to test the effect of prosodic boundaries on the production of intervocalic stops. The prosodic boundaries examined included: phrase boundary, word boundary, and no boundary (word internal) conditions. Lexical stress for the target words was balanced, with target stops occurring in the onset position of both stressed and unstressed syllables. These variables, along with the stimulus word used in the experiment, are presented in Table 1 (stress, indicated by ´, is shown even where not normally marked in the orthography). Target words were chosen to minimize the effects of coarticulation by alternating labial and coronal/velar stops when possible. To create each stimulus, the target words were embedded in a carrier phrase. The carrier phrases used for each condition, presented in Table 2 , were varied in order to avoid any possible repetition effects.
Due to an error in the presentation of the stimuli, no data were collected for / b/ in word-internal position. Data for this condition were taken from other sentences collected during the same experimental session. For chaval, relevant data were taken from all repetitions of the sentences El chaval tardaba demasiado / El chaval 
danzaba demasiado; for faltaba, from all repetitions of the sentences El chico canta faltaba dos veces / La niña canta faltaba muchas veces. The stimuli were randomized across variables in 6 blocks. For each target word, a different carrier phrase was used in odd-and even-numbered blocks so that 1) each block contained one and only one stimulus per target word and 2) adjacent blocks contained different stimuli. The stimuli were presented on a computer monitor positioned roughly 1 m away from the subject. When cued by an auditory click, the subject read the sentence on the screen; after the subject read each sentence, the monitor changed to show the next sentence in the block and there was a roughly two second pause before the subject was cued again. There was a break of a few minutes at the end of every block. While it was intended to collect six blocks per subject, only four could be collected for subject A due to time limitations. This gave four repetitions of each target for subject A and six for subject B. Prior to data collection, the subjects were instructed to speak in a casual, relaxed manner, as if speaking with close friends.
2.1.2. Data collection Articulatory data was collected using an electromagnetic articulometer (Carstens AG500). This device allows three-dimensional tracking of transducers glued to various points in the subject's vocal tract. For this study, transducers were attached at the vermilion border of both the upper and lower lips, the tongue tip (for data collected concurrently for a separate study), a point on the tongue dorsum approximately 2 cm posterior to the tongue tip sensor (as above), and the lower jaw. Additionally, reference sensors were attached to the bridge of the nose and behind each ear; a sample of the subject's occlusal plane was also taken. Articulatory data were collected at 200 Hz, and acoustic data at 16 kHz. After collection, the articulatory data was smoothed with a 9th-order Butterworth low pass filter, rotated to match the subject's occlusal plane and corrected for head movement using the reference sensors.
Data analysis
In order to measure Lip Aperture (LA), the Euclidean distance in the sagittal plane between the sensors on the upper and lower lip was calculated. This derived variable was used for all subsequent analysis. Gestural identification was conducted using the MVIEW software package, developed by Mark Tiede at Haskins Laboratories. The identification algorithm used takes as input a manually located estimate of the midpoint of constriction of one EMA sensor or derived variable. Using the velocity of that sensor or variable (the absolute value of the first difference of the signal), it then locates the velocity minimum crossing closest to the input point (measurement point: Time of maximum constriction). It then finds the peak velocity between that point and both the preceding and following velocity minima (measurement point: time of peak velocity). It then locates the onset of gestural motion by locating a point where the velocity signal from the preceding minimum to the first time of peak velocity crosses some arbitrary threshold of the velocity difference between the two points. Gestural offset is defined as the point where the velocity falls below the same threshold from the second time of peak velocity to the velocity minimum following the point of maximum constriction. Onset and offset of the constriction proper are also defined by the points where the velocity crosses a threshold between the times of peak velocity and the point of maximum constriction. A representative example is shown in Figure 1 .
Thresholds for identification of constriction onset and offset were set at 30%, and those for gesture onset and offset at 20%. These thresholds are consistent with past work (e.g., Byrd et al. 2008 ) and allowed for consistent measurements across subjects, with small fluctuations in velocity during the constriction captured between the points of constriction onset and offset. All locations were checked by hand. For one trial of word-internal / b/, the algorithm incorrectly identified the points of maximum constriction, constriction release, peak offset velocity, and gesture offset (these points were labeled after the following vowel). This trial was excluded from further analysis.
From these measurements, a number of derived variables were calculated. First, total duration of the gesture was defined as the time between the gesture onset and the constriction release. This latter point was chosen as it coincides with the theoretical end of active control of the gesture (Browman and Goldstein 1989; Saltzman 1995) , and has been used in previous work as the location of the end of a gesture (Pouplier and Goldstein 2010) . Movement after this point is heavily influenced by the following gestures. Total duration was further broken down into constriction duration (time between onset and release of constriction) and movement duration (time from gesture onset to constriction onset). In order to better compare LA across both subjects, normalized constriction degree was also calculated. This was done by measuring the minimum value (most constricted) across all tokens at the point of maximum constriction and subtracting that value from the measurement for each individual token, giving a scale where 0 mm is the most constricted, and higher values correspond to more open productions.
Statistical analyses were conducted using linear mixed models implemented in the 'lme4' package in R (Bates 2005) . For all tests, fixed factors were boundary ( phrase boundary, word boundary, or no boundary), segment ( / b/ or /p/ ), and an interaction between boundary and segment. Subject was included as a random i ntercept. Markov Chain Monte Carlo sampling based on the t statistic was used to estimate the p values (Baayen et al. 2008) . Post-hoc comparison of factor levels was done with paired t-tests using a Bonferroni correction for multiple comparisons with an experiment-wise alpha of 0.05. Regressions were conducted with the linear regression function 'regress' in MATLAB.
Results
2.2.1. Duration For duration, there was a significant effect of prosodic boundary (t = −11.40, p < 0.0001), though not of voicing (t = −0.86, n.s.). There was a m arginally significant interaction between the two factors (t = 1.76, p < 0.08). A box plot showing the durations at the different conditions is shown in Figure 2 . Given that post-hoc tests reveal a significant difference between phrase boundary (M = 219 ms) and non-phrase boundary (M word internal = 79 ms, M word boundary = 83 ms) conditions and no difference between the non-phrase boundaries, a separate model was constructed combining the two phrase-internal positions. In this case, there was a significant effect of boundary (t = 19.48, p < 0.0001), voicing (t = 2.64, p < 0.01), and their interaction (t = −2.90, p < 0.01). At the non-phrase boundary level, voiceless stops (M = 90 ms) are significantly longer than voiced stops (M = 72 ms); there is no difference at the phrase boundary level. The pattern for constriction duration closely mirrors that for total duration. F igure 3 shows the constriction duration split by prosodic boundary and voicing. There is a significant effect of prosodic boundary (t = −11.70, p < 0.0001), though not for voicing (t = −1.15, n.s.). There is, however, a significant interaction between the factors (t = 2.41, p < 0.05). As for total duration, there is a difference between phrase boundary (M = 131 ms) and non-phrase boundary conditions (M word internal = 30 ms, M word boundary = 31 ms), with no difference between word internal and word boundary conditions. Again, a second model combining phrasemedial shows significant effects of all factors (t boundary = 20.32, p < 0.0001; t voicing = 3.76, p < 0.0001; t interaction = −4.10, p < 0.0001). Post-hoc tests reveal a significant difference between voiced (M = 22 ms) and voiceless (M = 40 ms) phrase-internally but not at a phrase boundary. Movement duration, like constriction and total duration, shows a significant main effect of prosodic boundary (t = −6.45, p < 0.0001), but differs in that it shows no significant effect of voicing and no interaction between the factors. A model combining word-and no-boundary conditions shows the same result. Movement duration is shown in Figure 4 . For prosodic boundary, there is a significant difference between phrase boundary (M = 88 ms) and non-phrase boundary conditions (M word internal = 49 ms, M word boundary = 51 ms). As for total duration, the difference between word internal and word boundary conditions is not significant. There is no difference between / b/ and/p/ for any boundary condition. 
Constriction degree
Relationship between constriction degree and duration
In order to test the initial hypothesis that the reduced constriction degree of voiced stops was due to durational differences between voiced and voiceless stops, constriction degree was regressed onto the duration measures. Additionally, since there was no difference in duration or constriction degree between the two phrase internal boundary conditions (word boundary and word internal), they have been collapsed and treated as a single condition; phrase-initial and -medial conditions are treated separately. Correlations are presented for each subject individually. For the phrase initial condition, there is no relationship between any measure of duration and constriction degree for either /p/ or / b/ or for either subject. As both are produced with full closure, this is not unexpected -once a gesture reaches the point of closure, little change will be shown in Lip Aperture even with increased duration. For the phrase medial condition, there is a significant negative relationship between constriction degree and constriction duration measures for / b/ for both subjects (A: R 2 = 0.26, p < 0.02; B: R 2 = 0.32, p < 0.03). Additionally, subject A shows significant correlations of constriction degree with both movement (R 2 = 0.21, p < 0.05) and total duration (R 2 = 0.31, p < 0.005), though subject B does not. There is no significant correlation of constriction degree with any duration measure for /p/ for either subject (again, these are produced with full closure so we do not expect to see an effect of duration). A plot of constriction degree and constriction duration, along with the relevant regression lines, is shown in Figure 6 .
2.2.4. Acoustics While the primary focus of this paper is an articulatory a nalysis, a brief overview of the acoustic results may be informative. The stops produced by the subjects in this study followed the well-attested pattern in Spanish. Voiceless stops in phrase medial position were categorically realized with full closure, as indicated by the consistent presence of a silent period followed by a release burst. They were unvoiced, with 5-20 ms of VOT. Voiced stops in the same context were always realized as spirants, with robust formant values visible throughout the consonant period and no release burst. In phrase initial position, voiceless stops again were produced with full closure and a short VOT. Voiced stops were generally produced as full stops with a period of prevoicing ranging from 0 to 103 ms. These results are consistent with the articulatory findings.
Discussion
The initial hypothesis had 3 main predictions: 1) voiced and voiceless stops differ in duration 2) voiced and voiceless stops differ in their produced constriction degree, at least phrase medially, and 3) the durational differences between the two classes of stops underlie the constriction differences. We can clearly see that voiced and voiceless stops do indeed differ in duration, with the voiceless stops roughly 15-20 ms longer than their voiced counterparts in phrase medial position, though this difference is not present at a phrase boundary. This difference is attributable to the duration of the constriction of the gesture, and not the movement prior to constriction. 2 Notably, this durational difference is somewhat smaller than what has been reported in previous literature. Lavoie (2001) , for example, reports a difference of 41 ms between /p/ and / b/, and 51.5 ms for /t/ and /d/, though the finding here is similar to the 18 ms difference reported for / k/ and /ɡ/. The differences between the current study and previous work may be due to the inherent inaccuracies in measuring the duration of a non-stop consonant without clear breaks in the visible formants from the acoustic signal and comparing those measurements to more easily measurable stops. The approach taken in this paper, measuring the duration of the gestures directly from articulator movement, seems a more accurate method of comparing gestures with full occlusion to those without. Though the thresholds used for gestural identification here are somewhat arbitrary, they are consistent between /p/ and / b/. The data here also clearly support the traditional description of phrase medial spirantization. Voiced stops in phrase medial position have a more open posture at their point of maximum constriction when compared to voiceless stops, but phrase initial voiced and voiceless stops have the same constriction degree, equal to that of voiceless stops phrase medially.
Because / b/ and /p/ differ in both constriction degree and duration, this paper initially proposed the hypothesis that the two do not differ in their target constriction degree, but that constriction differences between voiced and voiceless stops are due to shorter duration for the former, which leads to a greater degree of undershoot. However, the data from this study do not support this proposal. If we look to Figure 7 , we can see that for any measure of duration, there is significant overlap in the duration of /p/ and / b/, but little to no overlap in their respective constriction degrees. For example, when stops have a duration of 75-80 ms, the voiceless stops are consistently realized with a LA roughly 2 mm less than the voiced stops for subject A.
It would seem that we must conclude that voiced and voiceless stops have different targets for constriction degree. However, there is one additional possibility that must be ruled out. There is ample evidence that it is possible to vary the speed of articulator movement independently of changes in the magnitude and duration of that movement. This has been referred to as the stiffness of a gesture (Edwards et al. 1991; Beckman and Edwards 1992; Byrd and Saltzman 1998; Roon et al. 2007) . A gesture with lower stiffness will take longer to reach its target position than the same gesture with a higher stiffness. If voiced stops were to have a lower stiffness than voiceless stops, then, we would expect the voiceless stops to more closely approximate their target than the voiced stops given the same duration of gestural activation. This hypothesis was tested from the experimental data, again including only labial stops due to the unreliable constriction degree data for coronals. Stiffness was calculated in two separate ways. First, following Roon et al. (2007), as the peak velocity of the closing gesture (taken as the velocity measurement at the point of peak velocity between gestural onset and constriction onset), divided by the magnitude of the closing gesture (calculated as the difference in LA between the point of maximum constriction and gesture onset). Second, after Byrd and Saltzman (1998) , stiffness was measured by the time from gestural onset to the peak velocity of the closing movement. For the velocity/magnitude measure, there is a significant effect of prosodic boundary (t = −10.72, p < 0.0001). Post hoc tests reveal that stiffness at a prosodic boundary (M = 1.50) is lower than that phrase medially (M word internal = 2.35, M word boundary = 2.41). This difference is expected, as there is a well-documented effect of lower effective stiffness of gestures at a prosodic boundary (Edwards et al. 1991; Beckman and Edwards 1992, Byrd and Saltzman 1998) . Importantly, however, there is no difference at all between voiced and voiceless stops at any prosodic level. For time to peak velocity, we find the same pattern. There is a main effect of prosodic boundary (t = 5.14, p < 0.0001) and no effect of voicing nor an interaction between the two factors. Post hoc tests indicate longer time to peak velocity at a phrase boundary (M = 49 ms) than phrase medially (M word internal = 23 ms, M word boundary = 25 ms). Based on the evidence from both measures of stiffness, we must conclude that stiffness cannot be driving the observed difference in constriction degree between voiced and voiceless stops.
We must conclude, given that we have excluded stiffness differences, that voiced and voiceless stops differ in their target constriction degree, which is reflected by constriction differences at the same total gestural and constriction durations. Does this imply that the voiced stops have a target constriction degree similar to that for an approximant? Not necessarily. Recall that the voiced stops in phrase medial position showed significant effects of duration on constriction degree. As the duration increased, stops became more constricted. Additionally, at very long durations (i.e., at a phrase boundary) the stops are realized with full closure. This is consistent with a target constriction degree that results in full closure, at least at a long duration.
There is evidence to support the fact that stops in general have targets for constriction degree that are actually beyond the point of contact between the articulators (Löfqvist and Gracco 1997; Löfqvist 2005) . We know that voiced stop targets must be less constricted than that for voiceless stops. We can hypothesize, then, that the goal for voiced stops is simply closer to, but still beyond, the point of a rticulator contact than that for voiceless stops. If the short duration of both stops causes roughly the same amount of undershoot (if, of course, both stops have equal stiffness), it might be possible that this same absolute degree of undershoot would still result in full contact for the voiceless stops, but lead to incomplete closure and spirantization for the voiced. However, at long durations (such as that at a phrase boundary), both stops would have time to reach their targets, resulting in complete occlusion for both. In order to test this hypothesis, a gestural simulation was conducted, the results of which are presented in Section 3.
Gestural simulation study
The Task Dynamics model
The simulation study was conducted using the Task Dynamic Application (TaDA) developed at Haskins Laboratories to produce both articulatory and acoustic output from an input of gestural parameters ( Nam et al. 2004; Saltzman et al. 2008) . The model is an implementation of the theories of Articulatory Phonology (Browman and Goldstein 1992) and Task Dynamics (Saltzman and Munhall 1989) . Within these theories, articulatory constriction actions are the basic compositional units of speech. These context-invariant gestures' temporal patterning is modeled by means of intergestural coupling relations, represented in a coupling graph for a given utterance (Browman and Goldstein 2000; Goldstein et al. 2006; Goldstein et al. 2008) . The coupling graph in turn both represents an utterance's syllabic phonological structure and determines the coordination of the gestures in that utterance. For any given arbitrary input from English or Spanish (Parrell et al. 2010 ), gestural information is accessed from a dictionary and a coupling graph is constructed. From the coupling graph, a gestural score is created with the activation times and durations of the various gestures.
Model input for Spanish stops
Within the TaDA model gestures are specified by their constriction target, duration, and stiffness. For this study, the words cava ( / kaba/ ) and capa ( / kapa/ ) were used as inputs to the model. Word-initial / k/ and vowels /a/ were chosen in order to a) minimize coarticulatory influences on the lips and b) accurately model the words used in the EMA experiment in Section 2. The two words differed in the target constriction degree for the labial stop as well as in the presence or absence of a glottal spreading gesture to generate the voiceless /p/. For /p/, target constriction was set to −2 mm -that is, 2 mm beyond the point of contact between the upper and lower lips. This target is the standard in the English version of the model, and accords with articulatory evidence for hyper-articulated targets. The target for / b/ was set to −.5 mm, less than the target for /p/ but still beyond the point of contact for the lips. An additional utterance was created with the target for / b/ set to 0 mm to test the hypothesis that the target for / b/ must, like that for /p/, be beyond the point of articulatory closure. After the model generated the utterances, the d urations of the lip aperture gestures were modified directly in the gestural score. To model the phrase medial condition, duration was set to 80 ms. This reflects a relatively short /p/ and a relatively long / b/, but there are numerous occurrences of both stops with this total duration in the EMA study. For the phrase initial condition, duration was set to 200 ms, again based on the durations found in the articulatory study. For both / b/ and /p/, stiffness was set to the model default.
Results
The articulatory output from TaDA was analyzed using the same MVIEW software and settings as described in Section 2.1.3. Gestural landmark identification was conducted on the LA signal created by TaDA, which is generated via the same calculation of Euclidean distance between the upper and lower lips as was used previously. LA at the point of maximum constriction is compared in Table 3 . In order to test the hypothesis about different consequences of undershoot for voiced and voiceless stops, the amount of undershoot (in mm) was calculated as the maximum constriction less the target constriction degree.
As predicted, at each duration, /p/, / b/ −0.5 , and / b/ 0 show the same amount of u ndershoot. At 80 ms, all undershoot their targets by roughly more than 1 mm. At 200 ms, all reach their targets. Though the amount of undershoot for the three gestures is equal, the consequences of that undershoot are not. For /p/ undershooting the target still results in closure (any LA of 0 or less is complete closure of the lips). For both / b/s, however, the same absolute amount of undershoot results in an i ncomplete closure, with a maximum LA of 0.6 mm/1.0 mm. At 200 ms, all the gestures reach their target. For /p/ and / b/ −0.5 , this results in complete closure with a negative constriction degree (which translates to compression of the relevant articulators in real-world speech). For / b/ 0 the result is the articulators touching briefly but without any pass-through/compression.
These differences are visible in the acoustic signal generated from the articulatory patterns by the model, shown in Figure 8 . TaDA generates these acoustic signals by tracking the changing aerodynamic conditions generated by the model articulators and generating acoustic output from those conditions via HLSyn (Hanson and Stevens 2002). There is a complete closure for /p/ at both durations, with no formants visible and a strong release burst. For / b/ −0.5 and / b/ 0 , on the other hand, there are visible formants throughout the closure period at 80 ms, with no visible release burst. At 200 ms, / b/ −0.5 achieves full closure, with no visible frication and a clear release burst. On the other hand, for / b/ 0 , achieving the target constriction degree results in a brief period of acoustic silence followed by a period with high-frequency aperiodic noise and no release burst. It may be noted that there is devoicing of both / b/ 0 and / b/ −0.5 when their durations are set to 200 ms. This is due simply to passive aerodynamic effects as the walls of the oral cavity in the TaDA model are fixed, as is the position of the vocal folds; it does not model the expansion of the oral cavity that may happen either actively or passively in speech to maintain voicing during a long closure (Ohala and Riordan 1979) . In any case, this passive devoicing is not particularly relevant to the argument being made here about the relationship between constriction degree and d uration.
Discussion
The evidence from this modeling study supports the hypothesis that voiced and voiceless stops differ in target constriction degree, and that both must have constriction targets beyond the point of closure. Setting the target for / b/ to the point of articulator contact (0 mm constriction degree), we see no period of occlusion, but rather light frication. Since we most often see full occlusion with release bursts for voiced stops with such long durations, we are forced to conclude the voiced stops must have a target beyond the point of closure. Using a small negative target for / b/ and a large negative target for /p/, on the other hand, does generate the appropriate patterns: / b/ is produced as a spirant at a short duration and as a fully occluded stop at a long duration; /p/ is produced always as a stop. These differences arise even though the amount of undershoot is equivalent for both stops.
Taken together, these two studies provide evidence that Spanish / b/ should rightly be viewed as a stop, rather than an approximant. While the number of speakers is relatively small, the consistent patterns between speakers, as well as compatible evidence from articulatory modeling and the fact that the findings here are consistent with previous work, suggest these findings may indeed be robust. Importantly, the current study shows that there is a correlation between duration and constriction degree for / b/. If these segments were truly approximants that are produced as stops in certain contexts due to prosodic strengthening, articulatory overshoot or gestural incompatibility (Lavoie 2001 ), we would not expect to see a relationship between these two articulatory parameters in the absence of variation in stress, phrasal position, or segmental context. Neither is this relationship predicted in an allophonic account of the variable production of these segments (e.g., Carrasco and Hualde 2009 ). Combining a hypothesized target for / b/ beyond the point of articulator contact and the established constriction-duration relationship, we can straightforwardly explain what has until now been seen as allophonic variation between stop and approximant productions as the dynamic consequences of an invariant gestural specification for constriction degree and fluctuations in the duration of the gesture. Phrase medially, the short duration of / b/ results in undershoot of the constriction target and, therefore, spirantization, while the increased duration of the closure gesture at a phrase boundary results in full closure. This dynamic process additionally, and uniquely, accounts for at least some of the variation in constriction degree of these sounds phrase medially. Although the initial hypothesis that these phonemes did not differ from /p/ in their target constriction degree was not supported by the data, the results do support that they do have a target constriction degree slightly beyond the point of articulator contact, though less than the hypothesized target for /p/.
While the current study only examined the labial stops, it is reasonable to b elieve that the theory proposed here also extends to the coronal and velar stops /d, ɡ/ and /t, k/. Both /d/ and /ɡ/ show the same quasi-allophonic alternation by prosodic position as / b/, and all three are similarly affected by stress and segmental context. Although some of the particular details may be different (see, for example, the surprising finding of greater occlusion of /ɡ/ in /aɡa/ vs /uɡu/ contexts in Cole et al. [1999] ), the overall patterns are very similar.
Importantly, this theory of the phonological specification of / b, d, ɡ/ can also account for the variation we see in productions of these segments in other contexts. While the current study did not explicitly test these conditions, the predictions are nonetheless consistent with observed patterns. For these segments, full stops are produced in nasal + stop sequences. While other accounts must posit allophony (Carrasco and Hualde 2009) or articulatory incompatibility between fricatives and nasals (Lavoie 2001) to account for this pattern, it falls out directly in the current account as a dynamical consequence of an invariant gestural specification. In these nasal + stop sequences, the duration of active control of the shared constriction articulators is much longer than that for the intervocalic stops. This increased duration allows time for the articulators to better approximate or reach their target, r esulting in full closure. Similarly, it explains why /d/ in /ld/ is realized with a stop while the voiced stops in /lb/ and /lɡ/ are produced as approximants. Since after /l/ the tongue tip is already at or close to its target for /d/, a stop is produced. On the other hand, because the tongue tip does not affect the duration or starting position of gestures involving the tongue lips or tongue dorsum, / b/ and /ɡ/ are spirantized in this context. Our account also agrees with findings that / b, d, ɡ/ are generally produced with greater constriction when they occur between high compared to low vowels (Ortega-Llebaria 2004; Carrasco and Hualde 2009; Hualde et al. 2010 ; though cf. Cole et al. 1999) . As the articulators in the former case will start closer to their target than in the latter, the same duration will result in a closer approximation of the gestural target between high than low vowels. Lastly, the current account can also explain differences in produced constriction degree due to prosodic variation. The increased duration of consonants in a stressed syllable (Cole et al. 1999; Ortega-Llebaria 2004; Eddington 2010 ) leads directly, in this account, to more constricted productions; similarly, the reduced duration of these segments in fast speech (Soler and Romero 1999) leads to more undershoot and greater s pirantization.
None of this prosodic or contextual variation (nor the relationship between duration and constriction degree in the absence of such variation) is predicted by an allophonic or approximant-target hypothesis. While it may certainly be possible to modify these theories to account for this variation, in the current proposal they can all be seen as the lawful dynamical consequences of a single invariant gestural target and variation in duration and initial position due to phonological specification, contextual effects, and prosodic position. This invariant gestural target, specifically, is one beyond the point of articulator contact.
It should be noted that the final theory proposed here is not radically different from the analysis of phrase-initial spatial strengthening and temporal lengthening in Cho and Keating (2001) . That study found that phrase-initial coronal stops in Korean were produced both with more lingual contact (measured by e letropalatography [EPG] ) and greater duration than those same stops produced phrase-medially. This is particularly true of the lax stop /t/ and the nasal /n/, while the tense and aspirated stops ( /t*/ and /tʰ/ ) show a much smaller difference. In fact, there is no difference in contact degree between the three stops and the nasal phrase initially, while there is a split between lax/nasal and tense/aspirated stops phrase medially. They say that the short durations found phrase medially cause undershoot of the gestural target, leading to less contact. This very closely parallels the findings of the current study: both /p/ and / b/ have increased duration and full contact phrase-initially, while the shorter durations found phrase-medially cause undershoot of / b/. While we did not find an effect of shorter durations on the constriction degree of /p/, that may reflect the limitations of the methodology employed. While EPG is sensitive to degree of palatolingual contact even beyond the point of closure of the oral tract, once the lips contact there is relatively little change in the EMA signal. It is possible that patterns similar to those found for Korean tense and aspirated stops may be found for Spanish /t/.
Given the categorical differences found in VOT between / b/ and /p/ in this study, it seems probable that they also differ in their specification for voicing. There is limited laryngoscopic evidence that /p, t, k/ are in fact produced with some, though relatively small, amount of spreading of the vocal folds (Martínez Celdrán and Fernández Planas 2007) . Taking this into account along with the findings from this study, there is evidence for a three-fold distinction between the / b, d, g/ and /p, t, k/: they differ in the duration of the oral constriction gesture, in the constriction degree target of that gesture, and in the presence or absence of a glottal spreading gesture. While it may seem surprising that the two sets of stops differ in so many dimensions, it is important to see these differences in light of the relatively segmental nature of Spanish phonology, where many segments that share the same general feature or gestural category differ in their precise realization of that feature/category. For example, we find fine-grained place distinctions between /t/, /n/ and /s/ in addition to differences in stricture (for /s/ ) and velar opening gesture (for /n/ ) differences (Honorof 1999) . These place distinctions, while not active in any phonological process, nonetheless exist and influence a rticulator movement, as can be seen in nasal place assimilation. We can draw a parallel between these and the voiced/voiceless stop distinction. Within Articulatory Phonology, "[g]estures of different organs 'count' as different and provide the basis for phonological contrast" (Studdert-Kennedy and Goldstein 2003); thus, the voicing distinction may rely principally on the presence or absence of the glottal spreading gesture (different organs), but the differences in the oral constriction gesture (same organ) are present and play a role in the phonetic production of these sounds.
Additionally, it may be possible to extend the finding that undershoot in voiced stops is the dynamic consequence of decreased duration to the voiceless series as well. As mentioned before, the glottal spreading gesture for the voiceless stops seems to be rather small in magnitude. We might predict that decreasing the duration of the voiceless stops might then lead to undershoot of the open target for this gesture, resulting in continuous vibration of the vocal folds during the voiceless stop, which would explain the high rate of voicing found for these sounds in previous studies. Additionally, at extremely short durations, we might expect that even the oral closure gesture would undershoot its target, resulting in productions of voiced approximants more or less identical to the phrase medial voiced stops. This is exactly the attested pattern (Machuca 1997; Martínez Celdrán 2009 ). An experiment to test this hypothesis is currently underway.
The inclusion in this paper of duration at the level of phonological control, though not unprecedented, warrants discussion. In traditional phonology, duration is not part of the grammatical specification but is the result of the phonetic implementation of the phonology. Articulatory Phonology, on the other hand, does include temporal activation intervals in the phonological specification of gestures; in this manner, overlap in time of gestures can explain allophonic variation (Browman and Goldstein 1989; Browman and Goldstein 1995a; and others) . While, in this sense, duration is phonologically specified, possible durations have usually been restricted to merely two possibilities: one (relatively shorter) for consonants and one (relatively longer) for vowels (Browman and Goldstein 1995a) . The durational differences between voiced and voiceless stops in this paper indicate that this gross distinction may not be sufficient to capture the true role of duration in language. This is not, however, a novel claim. It is well known that voiced stops in many languages are significantly shorter than their voiceless counterparts (e.g., Lisker [1957] and Ladefoged and Maddieson [1996] for English; Braunschweiler [1997] for German). Additionally, increased duration seems necessary to distinguish geminates from singletons in at least some languages, as well as long from short vowels (Ladefoged and Maddieson 1996; Esposito and Di Benedetto 1999; Löfqvist 2006 ). For Spanish, there is articulatory evidence that fricatives are g enerally longer than stops, and that this durational difference is phonologically contrastive (Romero 1995) . For any theory of phonology, it will be necessary to account for these differences, as in many languages they serve to distinguish one phoneme from another. This may be accomplished, in Articulatory Phonology, by specifying particular gestural durations as a percentage of cycle of the planning oscillator associated with each gesture, following and expanding on the proposal in Browman and Goldstein (1995b) . A further discussion of what possible phonological durations might exist is beyond the scope of the current study, but such future work will provide important and necessary insight for phonological theory. It should be noted that the differences proposed here are on par with the durational differences reported for voiced and voiceless stops in other languages (Lisker 1957; Ladefoged and Maddieson 1996; Braunschweiler 1997 ). As such, whatever underlies the differences in those languages may well cause the durational differences in Spanish as well, and thus alleviate any need to posit Spanish as uniquely specifying duration phonologically.
Conclusion
In summary, evidence from this study supports the view that / b, d, ɡ/ are voiced stops whose gestural target is one of complete closure, differing in the absence of a glottal spreading gesture from the voiceless stops /p, t, k/. The voiced stops, however, have a somewhat more open constriction target than the voiceless series, though this target is still beyond the point of articulator contact. This reduced c onstriction target, coupled with a shorter duration, explains the well-documented alternation between production of / b, d, ɡ/ as approximants phrase medially and as full stops phrase initially.
